An optimization process for the rear helicopter fuselage part is presented using Genetic Algorithms and Kriging surrogate models. Shape parameterization is carried out with the super ellipse technique employed for the well-known ROBIN fuselage. The simulations were based on the RANS equations solved using the HMB CFD code. It is shown that a decrease of fuselage drag around 2.5% is possible without compromising the structure and the functionality of the design. Combined with an optimization of the helicopter skids, benefits of up to 4.6% were possible. The demonstrated method can be applied to fuselages of any shape during the initial design phase. Nomenclature 0 , 0 , 0 = origin of super-ellipse center , = length and width of the super-ellipse = power of curve , , = Cartesian coordinates , φ = polar coordinates CD = drag coefficient М = Mach number Re = Reynolds number
Introduction
The design of a helicopter fuselage is a difficult and complex task with compromises between structural and aerodynamic requirements. Most of the times, engineers are looking for small changes in geometry and structure to improve an already good design. Past and recent studies (for isolated fuselages and full helicopter models) show that a significant contributor to the total drag of the helicopter fuselage is suction at its rear due to aft-facing surfaces used for ramps and rear-access [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This is the reason for streamlined helicopter fuselage shapes. An example is the Sikorsky UH-60A helicopter with a smooth aft-facing surface at the fuselage tail-boom junction area. In contrast to this trend there are helicopters with a salient area of fuselage/tail-boom junction. Examples include the Bell 206, BK 117, and the EC
135.
This high drag region (at the fuselage/tail boom junction area) is also characterized by the presence of a vortical flow. It is known [1] that two types of vortical structures can be found at this separated flow region: eddies, that run across the flow close to the fuselage/tail boom junction area, and vortex pairs, located symmetrically to the midplane of the helicopter and are aligned with the free stream flow direction. Numerical simulation of these structures behind an isolated helicopter fuselage was presented by Batrakov et al. [11] .
One of the ideas for improving the fuselage aerodynamic characteristics is to change these vortical structures.
This can be achieved in many ways including active flow control by flow suction and blowing [4] , passive flow control using devices like vortex generators [5, 16] , and shape optimization [6] .
Active flow control at the rear of a helicopter fuselage was investigated by Lineard et al. [4] and also in Refs. [17] [18] [19] [20] [21] . Investigations were carried out using experiments, as well as, numerical simulation. The active flow control was realized by blowing (steady and pulsed), and results show that the fuselage drag can be reduced by up to 10-35%. The drag reduction depends on the type of actuators and their parameters, like blowing flow ratio etc. The disadvantage of this active approach is the necessity to install additional equipment that requires additional power.
An alternative approach is based on changing the fuselage geometry. Different fuselage shapes and landing skids were investigated by Schneider et al. [21] and Reß et al. [22] . New geometries were constructed, and results of these investigations show good potential for reducing the fuselage drag.
3
Another way to reduce drag is to find the optimal shape of the helicopter fuselage. To this aim, different optimization approaches are used. Any optimization requires parameterization of the geometry, and geometries can be fully [3] , or partly parameterized [6, 23, 24] . A fully parameterized geometry is a good approach for the first steps in the design of a new helicopter. Due to design constrains, however, a partial parameterization is more useful.
This work presents a framework for the minimization of helicopter fuselage drag employing CFD in conjunction with a surrogate model based on Kriging method [25] , and a Genetic Algorithm (GA) optimization method. GA originated from the theory of natural evolution and is widely used as a global optimization tool [26] . An advantage of the GA is that it does not need gradient information. Therefore, GA is suitable in finding the global optimization point and design variable set. GA application for 3-D aerodynamic design problems presented for example in references [27, 28] . As an alternative approach, an adjoint based optimization method [23, 24] has also been successfully applied to aft fuselage shape optimization, resulting in an aft body, strake.
The type of employed parameterization determines the number of design parameters, and the size of the design space. For a real helicopter, it is important to improve aerodynamics by introducing small changes in the geometry that can be easily implemented, without severe implications on the strength and weight of the airframe.
Fuselage optimization case
This paper demonstrates an optimization approach for the fuselage of the prototype ANSAT helicopter, produced by the Kazan Helicopter Plant of the Russian Federation (Fig. 1) . The ANSAT is a multi-purpose light helicopter with a classic single-rotor design. The main rotor consists of four blades and the tail rotor consists of two. The length of the fuselage is 11 m and the mid-ship sectional area is 4 m 2 , approximately. The maximum take-off weight is 3600 kg. The main characteristics of this helicopter are presented in Table 1 . 
HMB CFD Code
The simulation of the flow around the helicopter fuselage was conducted using the RANS equations with the HMB CFD code [29] . HMB uses the finite volume method and to close the RANS equations, turbulence models are used. The solver has turbulence models like the Spalart -Allmaras [30] , the k-ω [31] , and the k-ω-SST [32] , as well as, hybrid approaches like DES, SAS [33] , and LES. This solver employers multi-block hexa-grids, constructed using the ICEM TM Hexa tool. The HMB code has been used for investigations of the flow around the isolated helicopter fuselage [10] [11] [12] , and for validation, wind tunnel tests were used.
The simulation of the flow around the isolated helicopter was carried out with k-ω SST turbulence model in Using an unsteady solution did not lead to significant changes in the results of the aerodynamic characteristics of the fuselage [12] . More detailed studies about grid sensitivity and the HMB code validation vs. experimental data are presented in [10, 12, 13] . Table 2 data shows that the numerical simulation results (within the range of grid parameters used during the optimization process) are not affected by mesh density. Grid №2 was then used due to its low computational cost and good boundary layer resolutions.
The CFD grids used here were constructed using the same topology and design as in paper [12] where validation results for fuselage drag are also shown.
Optimization Process
An overview of the optimization algorithm is presented in Fig. 4 . Multi-block structured grids for an initial geometry were created using the ICEM TM commercial tool. After creating the parameterized model, the initial design population was defined by the Latin Hypercube Sampling method [34] (LHS) for a volume of the initial population. Then for each design variant the computational grid has adapted using a special computer program, written in C (some details of the grid modification method given in section 5). To evaluate the target function (drag coefficient) RANS simulations were used for each member of the LHS population. If the optimal result was not reached, the new generation was constructing using the GA. The target function evaluation method depends on the size of the employed computational grid. For low and moderate grid sizes the CFD approach can be used directly. In this case the computational grid is adapted using a special grid-modification tool and then the target function is evaluated using the RANS CFD code. Due to the high computational cost of the target function evaluation by the CFD (for big grids), a surrogate model can be used based on the Kriging [25] method. To construct the surrogate model, an initial CFD field is used, and the initial design space is narrowed using the Latin Hypercube sampling approach.
The results of each variant were normalized according to their fitness
where is the drag coefficient of the each design, and P is the population size. The best part of population was selected as parents for a new generation that was produced by a crossover technique ( Fig. 5(a) ). For the present research, after a series of experiments the 5 best variants were selected as parents for a new generation.
Recombination of the parameters was carried out at a random point. In this approach, after several iterations, a new variant may be exactly the same as one of the previously calculated ones. For more flexibility during optimization, mutations are used.
The standard approach for mutation is a random change of any design parameter. In this work an alternative pseudo-random approach was employed ( Fig. 5(b) ). The parameters were changed in a pseudo-random scheme with gradual shifting to the best variant from a previous step (this approach resembles a low relaxation method widely used CFD community for a differential equations discretization process). In Fig. 5 (b) ′ is one the changed parameters; x n is the parameter before modification; x n,opt is the parameter of the best variant from the previous step, and k is a random factor (in this study k=0÷0.1). This method of pseudo-random modification improves the convergence of the optimization process. After the definition of a new generation, the optimization loop was closed. The process was stopped when the minimum of the drag coefficient did not change more than 1% after the 5 last generations.
For the current investigation, a mesh adaptation algorithm was developed. This algorithm allows automatic updates and calculation of the grid for new design variants. For the current investigation, shape parameterization was carried out with the super-ellipse technique employed for the well-known ROBIN fuselage [35] . This technique delivers accurate reproduction of a part of the geometry with few design parameters.
Cross Section Optimization of the Landing Skids
Optimization of the cross-section of the landing skids was considered as a test task for investigation of the GA efficiency. According to Batrakov et al. [12] for the considered helicopter model the landing skids contribute up to 20% of the total drag in some cases. Due to this reason their aerodynamic drag is high. To minimize the drag it is necessary to install a fairing over the landing skids, and the question is to find the optimal fairing geometry.
The cross section of the skids was parameterized as a super-ellipse:
The parameterizations of the leading and trailing parts were carried out separately and the details of the geometric interpretation of the components of the super-ellipse equation as applied to this task are presented in Fig. 6(a) . The height of the ellipse (A) was kept constant. The lengths (B 1 , B 2 ) and the curvatures (N 1 , N 2 ) of the leading and trailing parts were modified ( Fig. 6(b) ). Thus at the current investigation, 4 design variables were considered: B 1 , B 2 , N 1 , N 2 . To simulate the flow around the skids, a cross section was created in ICEM TM Hexa. The multi-block structure and the mesh are presented in Fig. 7 . The grid consisted of 22 blocks and had O-Grid topology around the superellipse. This topology allows to create a grid with high resolution near and behind the skid.
The boundaries of the computational domain were placed more than 10 diameters away from the skid. The total number of grid cells was 26300, the cell height near the cross section was 1·10 -6 of its diameter, and the expansion ratio between cells was less than 1.15.
At every design iteration, the grid was automatically updated as presented in Fig. 8 . Starting from a circular cross-section, the displacement (dx A , dy A ) of any grid point (A) depends on the displacements (dx, dy) in the corresponding direction, and the distance (D) between the grid point and a geometry boundary. According to this approach the grid changes in the region around the ellipse do not exceed 7R. A computer code in C language was written for this specific task receiving as input the initial mesh and parameters of the geometry and producing modified grids. This approach allows for automated grid and body transformation without using the ICEM TM grid generator.
The simulation of the flow around the cross section was carried out Mach number M=0.1 and Reynolds number Re=1·10 5 (based on the diameter of the initial geometry).
Taking into account that 2D calculations do not require a lot of CPU time the employed GA [36] did not use the surrogate model. A typical convergence history is presented in Fig. 9(a) . The optimization process was stopped after 29 generations. Taking into account, that every generation consists of 10 samples, the total number of calculations is 290. As a result of this investigation the parameters of the optimal fairing cross section were obtained. The optimal geometry looks like a symmetric airfoil with thickness of 38.835%C. In Fig. 9(b) , the aerodynamically improved cross section is presented in comparison with a NACA 0039 aerofoil. 
Fuselage Optimization
The GA and the grid reconstruction approach of section 5 were applied for the optimization of the rear fuselage.
As noted earlier, the high drag coefficient of an isolated fuselage is partly due to the vortical flow behind it. For this reason, a part of the fuselage was considered for optimization as presented in Fig. 10(a) . This part has a leading boundary near the midline cross section, and a trailing boundary near the tail boom root. A geometric interpretation of the employed super ellipse parameters is presented in Fig. 10(b) . The parameterized fuselage was based on a modified super ellipse equation (Eq. 3) where the parameters are presented as polynomial functions of the x coordinate (along the fuselage). The coefficients y m , A m , B m , N m were defined using a least squares method and the parameterized model has negligible differences with the initial fuselage geometry (Table 3) . minutes). To find the optimal design parameters, the GA was used. Results of the optimization process and the evaluation of the target function are presented in Fig. 11.  Fig. 11 . Design domain and result of optimization.
The rear fuselage can be divided into several parts, as shown in Fig. 10 . Comparison of the geometry for the initial and modified fuselages shows that the modified parts I and III underwent strong transformations, unlike the part II (close to the control section area). Thus the modified (part I) shape is more streamlined and part III is close to a bluff body shape. The modified, streamlined, part I reduced the separation area at the rear fuselage and leads to an overall increase of the pressure coefficient on the modified rear part of the fuselage (Fig. 12, 13 ). As a result of the optimization process, the parameters of the fuselage were obtained. The simulation of the flow around the modified geometry shows that the drag of the isolated helicopter fuselage decreased by up to 2.5% in comparison with the baseline geometry. It can be noted that modification of the fuselage geometry led to improvements of the lift coefficient of the isolated fuselage. The down force was reduced up to 23% (CL value for the baseline model of -0.072 vs CL of -0.055 for modified fuselage). It is important that this drag reduction was achieved by small changes of the geometry (the maximum difference with the initial geometry is 16.5 cm for a full size fuselage of 11 m length). The reason behind the reduction of the aerodynamic drag is the change of the pressure distribution ( Fig. 12 ) on the aft fuselage surface.
The surface modification leads to an overall increase of the pressure coefficient on most of the rear part of the fuselage (Fig. 13) . Fig. 13 . Difference in pressure coefficient distribution between initial and optimized shapes at the rear fuselage.
Fuselage Layout
The previous section presented optimization results of an isolated fuselage. The components of the fuselage (for example landing skids) can also influence the flow and change the fuselage aerodynamic characteristics. For this reason, the flows around different fuselage configurations were considered. A more complex configuration consists of the fuselage (Fus), landing skids (LS), and tail plane (TP). The results of the drag evaluation for different layouts with the baseline and modified fuselage geometries are presented in Fig. 14 .
It is shown that all configurations with the modified fuselage geometry have a lower drag coefficient. Note that the drag decrease for the fuselage with landing skids is larger than the decrease for the isolated fuselage. One of the reasons is the influence of the landing skids on the pressure distribution of the rear fuselage (Fig. 15) .
The difference of the surface pressure distribution due to the shape optimization of the fuselage with landing skids on, is presented in Fig. 16 , with respect to the original design.
According to the results of section 5, the landing skids were also modified by adding fairings (Fig. 17 ) in the fuselage configuration. The results of the flow simulation around the fuselage with these additional modifications are presented in Table   4 . It is shown that the total drag reduction is 4.6%. The drag decrease due to the fuselage modification only is 2.1% The fuselage optimization considered free stream conditions without taking into account the main rotor influence. To simulate the flow around fuselage with rotor, an actuator disk model was used [37] . The actuator disk approximates the rotor using an infinitely thin source of momentum. This is modeled here as a steady, pressure jump across the disk. At the moment, the momentum source was modelled independently of the fuselage without any feedback between the two. For this reason, the effect of the rotor disk is simplified and the method, although computationally efficient, can only be used for initial estimates of the fuselage loads. To obtain the pressure jump for the mean rotor thrust, the uniform actuator disk was modeled using basic momentum theory. For a non-uniform disk a "typical" distribution of the pressure was estimated based on Heyson, Katzoff [38] and Shaidakov [39] . The distribution of the pressure jump across the disk surface is determined by the expression
Here  is the angle of vortex cylinder slope, α is the angle of attack of fuselage, α a is the angle of actuator incidence V  is a free stream velocity, ρ is the air density. The function  is distribution of circulation on the disk surface:
where  is azimuth angle of considered point on disk surface.
The distribution of averaged blade load r  can be written in the form [39]  
where     
Here C T =2T/(ρR 2 V t 2 ) is the trust coefficient, =V  /V t is the advanced ratio, V t is the rotor tip velocity.
The expression for  s has the form
where     
In current work the non uniform pressure jump distribution is shown in Fig. 18 . The pressure jump corresponds to the main rotor thrust coefficient of 0.01. This model allows to simulate the averaged influence of the main rotor on the fuselage aerodynamic characteristics [37] . In general a "real" main rotor has a more complex influence on the fuselage aerodynamics, due to the unsteady fuselage pressure distribution and flow asymmetry. Nevertheless the actuator disc model is widely used for approximate simulation of the main rotor effect at cruise flight conditions. 20 Fig. 18 . Disc actuator pressure jump distribution (Free stream direction along the X axis).
The flow generated by the main rotor influences the vortex structure behind the helicopter fuselage ( Fig. 19 ). In general, the rotor induced flow decrease the intensity of the vortex pair at the rear of the fuselage. The interaction between freestream and rotor induced flow depends on the helicopter flight speed. At low advance ratio (μ=0.1) the flow structure behind the fuselage is independent of the geometry modifications considered in the paper. At cruise conditions the main rotor influence on the fuselage is not significant, and the benefits of the modified geometry are present ( Table 5 ).
Table 5
Drag coefficient of fuselage with main rotor. 
Variant

Conclusions
The paper presented optimization results of a realistic helicopter fuselage. The target function of the optimization process was the drag coefficient. Optimization of the cross section of the landing skids and the rear part of the fuselage were considered. The optimization was based on a Genetic Algorithm with Kriging as surrogate model.
As a result of the optimization of the landing skids, their geometry evolved to a symmetric aerofoil 38.8% thick.
Investigation of the isolated fuselage drag showed a reduction up to 2.5% without compromising the functionality of the design. Application of the suggested modifications for a more complex fuselage layout (fuselage with skids and tail plain) gave a decrease of the drag coefficient by 4.6%. The benefits of the optimization were more pronounced for cases with the main rotor present at high advance ratios.
